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REVERSE BIAS TESTING OF THIN BSF/BSR CELLS
BACKGROUND

● A RECENT STUDY CONCLUDED THAT APSA SOLAR ARRAY CIRCUIT
PROTECTION IS REQUIRED TO COUNTERACT THE EFFECTS OF HOTSPOTS
GENERATED BY

- SHADOWED CELLS AND
- CRACKED CELLS.

● REVERSE CHARACTERISTICS OF THIN BSF/BSR SILICON CELLS ARE
NOT WELL ENOUGH UNDERSTOOD TO DETERMINE THE NEED FOR BYPASS
DIODES, PERFORM TRADE-OFF STUDIES, AND TAILOR THE APSA SOLAR
ARRAY DESIGN.

Q CIRCUIT PROTECTION WOULD HAVE A MAJOR IMPACT ON BLANKET
DESIGN  AND MANUFACTURING COMPLEXITY.

u  FOR EXPERl?J~~ Tn ncc!~~ q-~~ CELL REVERSEe p~n ‘NTAL DATA BASE Iu u~t II
BIAS CHARACTER! ST!CS AND DETERMf  NE TI-!E!R EFFECTS ON PV
PROPERTIES OF THE DEVICES.



I

APSA SOLAR CELL REVERSE BIAS TEST PROGRAM
TEST MATRIX

● INVESTIGATED THE FOLLOWING ENVIRONMENTAL EFFECTS AND IMPACTS
OF OPERATIONAL STRESSES INDUCED ON APSA CELLS UNDER REVERSE
~lAS CONDITIONS:

A. CIJRREN~  D E N S I T Y  EFFEcTs To DETERMINE  THE
-“r:~~~:~;h~ 0= ‘AILURE DURi NG REVERSE BIASING.

B. PULSED REVERSE BIAS TESTING.
~!. LONG DURATION REVERSE r31As TEsT; NG.
D. CELL REVERSE CHARACTER!  ST!CS AS A FUNCTION OF

TEMPERATURE.
E. EFFECTS OF CHARGED PARTICLE IRRADIATION ON CELL

REVERSE BfASING.

Q PERFORMED FA!LURE  MODES ANALYSIS AFTER CONCLUSION OF TESTS.



CURRENT DENSITY EFFECTS ON CELL REVERSE BIASING
TEST ARTICLES/TEST DESCRIPTION

c TEST ARTICLES:
-32 PRODUCTION GRADE, THIN BORON-DIFFUSED BSF/BSR

SILICON SOLAR CELLS, FABRICATED BY VENDOR A,
2.5 X 5.1 X 0.007 CM, COVERED WiTH 0.005 Clvl TH!CK
UVR COATED CERIUM-DOPED BOROSII-[CATE  G L A S S .

e TEsT SEQUENCE:
- iNITIAL P-V Ci-i AR ACT ERi ST!CS  (A?v?O,  @ 28 C).
- REVERSE BIAS TESTS (RBT) AT AMBIENT CONDITIONS.

* REVERSE CURRENT WAS INCREASED IN INCREMENTAL STEPS
OF 100 mA TO CELL BREAKDOWN VOLTAGE.

* RBT WERE MADE AFTER READINGS HAD STABILIZED.
* PV MEASUREMENTS TAKEN AFTER EACH RBT.

- SOME CELLS WERE TAKEN TO FA!LURE TO ESTABL!SH
THE THRESHOLD OF FAILURE.



.

CURRENT DENSITY EFFECTS ON REVERSE CHARACTERISTICS.
RESULTS FOR CELLS FABRICATED BY VENDOR A

. RESULTS INDICATE WIDELY DISTRIBUTED REVERSE CHARACTERISTICS
OF CELLS FABRICATED BY VENDOR A:

‘ V i  < 20 Vi, II IUII vu- 150/0 EXFi!B!TED LOW VOLTAGE \ \ UIPU P!l~R~~lT

( >  ().5 IsC). CELL Isc APPROX.  520 mA.
- 1396 FELL W! TH!N INTERMEDIATE VOLTAGE {VT BETWEEN 20 V

ANI 4Q v) AN I  GURRENT  RANGE (APPR~x.  Q.s !s~).

72?J0  FiAi3 HiGH  VOLTAGE (Vr > 40 V), AXD A LOW EEVE8SE
CURRENT (< 0.5 !SC).

TUE 32 CELLS  ( 3 8 ° / 0 )  WERE TAKEN! TO FA!L;URE:ef2QFltt~
-6 CELLS SHUNTED.
-6 CELLS SHORTED.

● NONE OF THE SAMPLES FAILED ‘OPEN CIRCUIT”.

● POWER D~ss~pATloN  AT FAILURE RANGED  FROM ().2 TO 2.3 W/CML
AND AVERAGE DISSIPATION OF UN FAILED CELLS WAS 0.85 W/CM?

. PV CHARACTER fST!CS OF UN FAILED CELLS WERE NOT AFFECTED
BY RBT.
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REPETITIVELY PULSED REVERSE BIAS TESTING
TEST ARTICLES/TEST DESCRIPTION

~ PURPOSE:
- TO INVESTIGATE THE EFFECTS OF RAPID SHADOWING CYCLES ON

UNDAMAGED AND FRACTURED SOLAR CELLS.

a TEST ARTICLES:
:2 PRODUCTION GRADE, TH!N  BORON-DIFFUSED !3SF/BSR
SILICON SOLAR CELLS, FABRICATED BY VENDOR A.
CELLS BONDED individually ONTO A 6 X 6 INCH HARD
ANODIZED ALU NIINUM PLATE.

● TEST SEQUENCE:
- INITIALLY PV CHARACTERISTICS AND STEADY STATE REVERSE

BIAS MEASUREMENTS WERE TAKEN TO ESTABLISH EACH CELL’S
PERFORMANCE AND THRESHOLD OF FAILURE DUE TO RBT.

- CELLS WERE THEN SUBJECTED TO 525,000 RAPID REVERSE BIAS
PULSES CLOSE TO BUT NOT EXCEEDING THEIR INDIVIDUAL Vbr
RATING. TYPICAL PULSE CYCLE WAS 0.25 SECONDS ON, 0.25
SECONDS OFF. REVERSE CHARACTERISTICS WERE MONITORED
DUR!NG THE TEST.

- THEREAFTER PV CHARACTERISTICS AND STEADY STATE
REVERSE BIAS MEASUREMENTS WERE REPEATED.



REPETITIVELY PULSED REVERSE BIAS TESTING.
RESULTS

● ALL TWELVE CELLS SURVIVED THE PULSED REVERSE BIAS TEST.

● NINE OF THE TWELVE CELLS MONITORED DURING THE TEST RETAINED
‘ A FAIRLY CONSTANT ELECTRICAL PROFILE.

7-r IF nr
o!~~ ~cSULTS OF THE REMAtN!NG  3  CELLS vARy Q~!T=

SIGNIFICANTLY:
THE REVERSE VOLTAGE (Vr) FOR TWO OF THE CELLS !NCREASED
BY APPROX.  34940 AT CONSTANT CURRENT.

- THE Vr OF THE THIRD  CELL DECREASED BY 25?10 AT NEARLY
CONSTANT CURRENT. THiS DEVICE EVENTUALLY SHUNTED DURING
THE STEADY STATE RBT.

o THE PV CHARACTERISTICS OF THE ELEVEN UN FAILED CELLS WERE
NOT AFFECTED BY TH!S TEST.
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LONG DURATION REVERSE BIAS TESTING
TEST ART[CLES/TEST  DESCRIPTION

o pl”’RPos E:
- TO INVESTIGATE THE EFFECTS OF EXTENDED PERIODS OF

SHADOWING OR CRITICAL CELL BREAKAGE.

. TEST ARTICLES:
-8 PRODIJCTION  GRADE, TH!N BORON-D! FFUSED i3SFfBSR SILICON

CELLS  FA5F?!CATED  W VENDOR A .
CELLS  SOND5i? iXiliVii3UALLY  ONTO A 6 X 6 lti Cii iiAFi3
ANODIZED ALUMINUM PLATE (HEAT SINK).

●  ?~s~  s~Qlw:K~!c~:

- INITIALLY PV CHARACTERISTICS AND STEADY STATE REVERSE
BIAS MEASUREMENTS WERE TAKEN TO ESTABLISH EACH CELL’S
PERFORMANCE AND THRESHOLD OF FAILURE DUE TO RBT.

- CELLS WERE THEN EXPOSED TO CONTINUOUS 30-DAY REVERSE
B! As~NG CLOs E TO BLIT N!T I= XCEED!NG  TI-!FIR  fND!v!DLIA?_ vbr,, !-.,.. ,
RATING. REVERSE CHARACTERISTICS WERE MONITORED DURING
THE TEST.

- THEREAFTER PV CHARACTERISTICS AND STEADY STATE REVERSE
BIAS MEASUREMENTS WERE REPEATED.



LONG DURATION REVERSE BIAS TESTING
RESULTS

● ALL EIGHT CELLS SURVIVED THE LONG DURATION RBT EXPOSURE.

● THEIR REVERSE CHARACTERISTICS WERE AFFECTED TO DIFFERENT
DEGREES.

e !!N GE N! ERA~L, THE CEL’LS REVERSE  S!/4S VQ~LTAGE TEN’DE9  TO
f~CREASE  GRADUALLY IN TIME WHILE THE REVERSE CURRENT WAS
SEEN TO DECREASE SLOWLY.
- ON AVERAGE, Vr !NCREASED  BY ?1.2°/0, !Y DECREASED BY 14.2%.
- Vr RANGED FROM -2.3% TO 35.670, Ir DECREASED BETWEEN -0.370.

AND -52.6% FOR THE EIGHT CELLS.

c THE PV MEASUREMENTS INDICATE THAT THE AVERAGE ISC DECREASED
BY 14.370, WHILE Pmax WAS REDUCED BY 14.8?J0.



:)r).
.

;/

‘ \
(.n

(+1

(1

()

-/
II

:;)
II
m

111
u)
n“
lJI

:1 .,
1

(1

[11
[r
.)
[r)
II

[1 c)

c))
c’-)

c “} K) C ~C(”) 1 (-) 10
~:; (; C;. , .  . , . , .

/’J
(’\ \ \.
.“

(’
f’{ \ \ \ \\ \

‘ \
‘.

‘\
)
\

/)
/’

/~”
/----

~---
\

\ \ \
\

\
\
‘ .

‘ .
‘ \\\
/ ’/

-\
‘ \ \

\ \ \\

1
L()

I
w
(’-)

I
c).

I

I
t----(w)

I

L()
10

1
(10
ml

,
)

I
c)
K)

I

C)cl
I c’-)

LC)co

J
cc)
ml

,



(n,.>
“-5u)
a]lx
+Jm
:
u)
c:. -.u-)m,.-
m
alW2

a)L..
3
m.—
u



TEMPERATURE EFFECTS ON CELL REVERSE PROPERTIES
TEST ARTICLEWTEST  DESCRIPTION

● PURPOSE:
- TO DETERMINE THE CELLS’S REVERSE BIAS THRESHOLD AS A

FUN CTi ON OF TEMPERATURE.

. TEST ARTICLES:
-32 PRODUCTION GRADE, BORON-DIFFUSED BSF/BSF THIN SILICON

CELLS FAS3!CATE5  !3Y VEX!30R A .

DEVICES WERE BONDED ONTO 5.6= X 7.7’ HARD ANODIZED
ALU M!NL!M PLATES (HEAT S!NK), 8 CELLS  PER PLATE.

- TEST ART!CL~ES WERE  ~NsTALLfl  D !NT~ VACUUM  CHAMBER

(70 TORR).

e TEST SEQUENCE:
- INITIALLY PV CHARACTERISTICS AND STEADY STATE RBT WERE

TAKEN AT 28 C TO ESTABLISH EACH CELL’S BASELINE RESPONSE
AND THE TRESHOLD OF FAILURE DUE TO RBT.

- DURING RBT THE CELLS WERE STRESSED AT INCREASINGLY HIGHER
VOLTAGES AND CURRENTS.

- THEREAFTER, THE PV AND RBT MEASUREMENTS WERE REPEATED
SEQUENTIALLY AT 75 C, 125 C, -75 C, AND -150 C.
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I tMFt KHl UKE ~~~bbl~ ~1~ ~c~~ mcv~msc rmur~ml IEO
RESULTS

TUC PEI I  C’ vr tRfF.RI=&.qCn w!TH lN~RFARING FNVIRONMFNTAII llI_ WI-LLV llwwlc  LJ\w Lu ,, . -”..-,.”- . .. ----- . . . . . . . . . . . . . . . .

TEMPERATURES AND CORRESPONDINGLY DECREASED WITH DECREASING
TEMPERATURES.

CELL FAILURES OCCURED ONLY DURING TESTING AT ELEVATED
~A!!_!.!RES WERE  RECORDEDE Cm I Ow;~lG CEL~L ,TEMPER AT’u’RES.  TH~ I v~~

DURING R13T:

- 7 5
28
75

125

PV CHARACTERISTICS OF
UNAFFECTED.

NUMBER  OF FAi LURES
S!-! ORTE!) SHIJNTED

o s
o 0
0 2
3 1
1 7

THE 17 UNDAMAGED CELLS REMAINED

Pmax OF THE 10 SHUNTED CELLS DECREASED BY AN AVERAGE OF
60.6%; THE VOC OF THE SHORTED DEVICES DROPPED BY 68Y0.
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EFFECTS OF CHARGED PARTICLE [RRADIATION
TEST ARTICLES/TEST DESCRIPTION

● PURPOSE:
- TO lNVEsTIGATE THE EFFECTs OF ELECTRON AND PROTON

IRRADIATION (APSA MISSION ENVIRONMENT) ON CELL PV AND
REVERSE BIAS CHARACTERISTICS.

c TEST ARTi CL ES:
-10 PRODUCTION GRADE, UNGLASSED BORON-DIFFUSED

BSF/BSR THIN SILICON CELLS FABRICATED BY VENDOR A.

● TEST DESCRIPTION:
INITIALLY PV CHARACTERISTICS AND STEADY STATE RBT WERE
TAKEN AT 28 C TO ESTABLISH EACH CELL’S ELECTRICAL
CHARACTERISTICS.
CHARGED PARTICLE IRRADIATION:
* 5 CELLS IRRADIATED WfTH  1 MeV ELECTRONS TO IE15 E/CM=
* 5 CELLS IRRADIATED WITH 6 MeV PROTONS TO IEII P/CMz

THEREAFTER PV CHARACTERISTICS AND STEADY STATE RBT WERE
REPEATED.



I ●., ,,

EFFECTS OF CHARGED PARTICLE IRRADIATION
RESULTS

e ALL CELLS SURVIVED THIS TEST PHASE; ONE CELL FAl LED DUE TO
UNINTENTfONAL  OVERSTRESS.

s THE REVERSE CHARACTERISTICS OF THE CELLS WERE NOT GREATLY
AFFECTED BY EXPOSURE TO THE CHARGED PARTICLE ENVIRONMENT.
- Vr AT CONSTANT CURRENT INCREASED BY AN AVERAGE OF

6.7% FOR PROTON !!?!? AD!ATED CELLS,
5.370 FOR ELECTRON IRRADIATED CELLS.

● CHARGED PA RTi CLE IRRADIATION SEVERELY AFFECTED CELL OIJTPrUT:
- Pmax DEGRADED BY

37% FOR CELLS
32?lo FOR CELLS

RRADIATED  WITH PROTONS
RRADIATED  WITH ELECTRONS.
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Figure 6-3. R a d i a t

Summary

on
of

Effects on APSA
Proton krac!iatim

Solar
Data

Cell Characterist’
(q c~![s+++)

Cs

1 Radiation Effects on PV Characteristics I [
F3ac!. and Rev. Biasing Effects on PV Characteristics

I pre. I Post- 1 % I I
1
I

I
?re- I Post- ~

Parameter Irradiation !rradia:ion h’ et
~

‘Avg.  tSC  ( A )
Avg. Vm~  (V)
Avg. lrw (A) R!M2EEE

IA=. Voc (v) I 0.s1194 I 0.53711 I 87.77yo

4

*,

~arameter Irradiation irradiation Net

Avg. VOC  (V) 0.58584 0.53760 91 .77%
AVG. !sc (A)

Avg.  VITID (VJ
Avg. !m~ {A)

I Avg. ‘max (W) *$: ,:5,.“-
,Av~. ~i:! ~?c:o~ , ~.T~zT~ 0 . 7 7 21 5  I ;8.64%

4
p r e - / D o s : - l r r a d i a ~ i o n  Reverse  B i a s  characteristics

Cc!! ~r Vr (V! %
!g No. (mA) Pre-lrra~, Post-! rrad. Net

255 q 75 35.6 39.8 108.74%
307 1 700 57.9 55.3 95.51  y.

315 225 35.6 36.2 ~OI.69~o

318”+ 150 51.3 I 57 !11.11%
324 200 I 45.2 53.9 1?5.57%
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Figure 6-2. Radiation Effects on APSA Solar Cell
Summary of Electron irradiation Data (5

Characteristics
Ce!k)

I Radi~:iOn  E{?eCts On ~V Characteristics [
Pre- Pos:- %

‘ararneter ~rradia:ion lrradi~:ion Net

Avg. VOC  (V) 0.s?28$?L 0.50!228 83.09%
A v g .  !SC  (A)
Avg. VmP (V)
Avg.  !TID ( A )

I Avg. Prnax (W) _
lAvg.  Fir! ‘actor .- “. “u.

*
Rad. and Rev. Biasing Effects on PV Characteristics

~re- Post-
1

% I

Parameter Irradiation [rrad~at!on Net

A v g .  VOC  (V)
I

o,5q 743 0 . 5 0 9 5 7 8 3 . 3 5 %

Avg. !SC  (A)

~::i; ,E:w,%,1

Dre-/oost-lrradia:ion  Reverse  ~ias characteristics

Ce’( I !r I v, (v) I %
— f ., I 1

270 225 8.J 8.2 1()’.zsyo

277 7 5 55.1 52.8 95.  &7yo

285 300 3(5.8 39.1 !05.25yo

291 1 54/175 55.1 m 1 17. &jO/o

302 ’200 3?.2 3 2 . 8 :05.73yo

I
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APSA CELL FAILURE MODES ANALYSIS

* ccl I EIII! IIDCQ fine TMI= RI=.SI IIT OF .~TRFR~FR !N~[lC.F~  ~[JR!NGVhbk lnll-wlt Lu Al II_ Ill- II-W-*, , ---------- - - - -

REVERSE BIASING SUCH THAT CATASTROPHIC JUNCTION BREAKDOWN
RESULTS.

● A VARIETY OF DEFECTS ARE CREATED IN THE CELL STRUCTURE
AS A CONSEQUENCE OF FAILURE:
- THERMALLY INDUCED DECOMPOSITION OF MATERIALS.
- EVAPORATION OF MATE R!ALS.
- ABSO!?PT!ON  OF METALS  !NTO THE S!!-! CON CRYSTAL LATT!CE.
- SOLDER REFLOW.
- STRIATIONS EMANATING FROM THE BREAKDOWN SITE ON CELL BACK

siDE.

● PHYSICAL DAMAGE AND PROCESSES WERE OBSERVED/ANALYZED WITH:
THERMOGRAPHY TO OBSERVE THE FORMATION OF HOT SPOTS.
[R CAMERA WHICH ALLOWS IDENTIFICATION OF DEFECT SITES.
SCANNING ELECTRON MICROSCOPE (SEM).
ENERGV D! SPERS!VE  X-RAYS  (~DX) IJSED TO IDE NT!FY L A Y E R I N G

SYSTEM.
ELECTRON BEAM INDUCED CURRENTS (EBIC) TO LOCATE DAMAGE
SITE WITHIN THE DEVICE  STRUCTURE.
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APSA CELL FAILURE MODES ANALYSIS
CONCLUSIONS

● REVERSE BIAS FAILURES OF CELLS ARE INSTANTANEOUS AND
CATASTROPHIC.

. CELL FAILURES ARE DUE TO JUNCTION SHORTING OR SHUNTING.

o OPEN CIRCUIT FAILURES ‘HAVE NOT BEEN OBSERVED.

. AT FAILURE THE CELL TEMPERATURE IN THE ‘BREAKDOWN REGi ON
EXCEEDS  ~4~~ c. ME LT[NG AND p~ss[BLY EVAPORATION  OF C E L L
MATERIALS ARE THE CONSEQUENCE.

● SOLDER SCAVENGING OF THE CONTACT ME TALL IZATION, AND POSSIBLE
DECOMPOSITION OF MATERIALS WITH SUBSEQUENT CELL SHUNTING WAS
NOT OBSERVED.

. LOCAL SOLDER REFLOW WAS OBSERVED BUT AFFECTED AREA WAS
TOO SMALL TO IMPACT THE INTERCONNECTOR SYSTEM.

o CELL STRESS FRACTURES COULD NOT BE ASSOCIATED WITH REVERSE
BIASING. THEY ARE DIFFICULT TO DETECT AND MOST LIKELY THE
RESULT OF MECHANICAL STRESSES INDUCED BY HANDLING.
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MFiTERI f31_S FND PROCESSES DE PRRTMEf4T HE D  27-JRN+3 0 9 : 0 3

Cut’’sot- : 0 .Wmkev = 0

+/- 35’s
-t/- 883
-1 /- j (Z)E,2

+ /- 539
~ /- 147

ZAF Atom% Wtz
1 .q~~ @ .5-7 @ .26
j .2(2)1 59 .(32 . 28 .@fJ
1. 16(Z) @ .66 ‘ 1*1B
1.131 36.4@ (56.43
1.343 1.15 2.31
1.169 2.19 1.78

Tc:ltal  =_ 1 (z)@ . @ (Z)y

Figure  1 1 . C e l l  N o .  APSA 08 EDX Chart ,  Area  1
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